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Abstract
Background Currently, the movement that occurs at the site of soft tissue repair cannot be measured accurately in vivo. Radiostereometric analysis (RSA) is the gold standard for measuring movement between two skeletal segments in vivo but its application to studying soft tissue migration has been limited by the unknown stability of tantalum beads in tendons and ligaments and their ability to define rigid bodies in these structures. Hypothesis RSA can be used to accurately measure movement between two tendon segments or between a bony and a tendon segment in vivo.
Methods of Study
The stability of tantalum beads and the ability to use such beads to define rigid bodies in some soft tissues will be investigated in animal models of tendon repair. Several tantalum bead insertion techniques will be tested using in vivo RSA measurements of bead movement followed by morphologic studies of the repaired tendon and soft tissue reaction to the tantalum beads. Significance RSA performed on tantalum beads encapsulated in muscles and tendons could be a powerful new tool to study the in vivo motion at the site of soft tissue repairs, for instance, the tendon gap formation. If RSA could be used to evaluate the efficiency of different tendon repair techniques in vivo, enhanced rehabilitation protocols could be developed and complications associated with prolonged protection or failure of repair could be reduced.
Hypothesis
We propose using RSA to study the migration of soft tissue segments in vivo. We hypothesize that tantalum beads can achieve and maintain immediate stability after insertion into muscles and tendons. Stable groups of tantalum beads will allow definition of rigid bodies in these tissues and therefore allow RSA to measure the migration, in vivo, between two tendon segments or between tendon and bony segments.
Background and Significance
Complications after soft tissue lacerations or surgical release include loss of function, instability, and deformity associated with the failure of repair; or stiffness, wasting, deformity, and systemic complications associated with prolonged immobilization. Such complications could be minimized if movement of the soft tissue at the site of disruption could be assessed in vivo during its repair.
RSA is the most accurate method to measure in vivo skeletal movement [5] and is commonly used in orthopaedics [14, 23] . The method is based on the determination of the three-dimensional coordinates of tantalum beads inserted into two skeletal segments captured in dual simultaneous radiographs taken above a calibration cage [13] and is dependent on the beads having a stable position Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution approved the animal protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. [2, 4] . Although its importance is recognized primarily in the area of prosthetic implant migration [13] , RSA applications continue to expand [7, 8, 14, 19] .
Attempts have been made to measure soft tissue migration by modifying the traditional RSA method and using metal sutures or clips instead of tantalum beads as soft tissue markers [6, 18, 26] . In one of these studies, the implants migrated in the soft tissue investigated [6] . The accuracy of tracking motion with these implants was inferior to that with RSA using tantalum beads [6] .
To date, the traditional RSA method, using tantalum beads, has been used to investigate soft tissues indirectly by measurements of migration between two bony segments on either side of the knee [12, 15, 16] or studying the migration of an ACL graft in and relative to its bony tunnel [1, 10, 17] . Despite the relative stability of tantalum beads in tendons during in vitro experiments [21, 24] , tantalum beads inserted in the intraarticular segment of an ACL autograft migrated erratically in the graft for several months after implantation [17] . This suggests that in vitro testing [21, 24] does not reflect intratendinous stability of the beads in vivo [22] . In addition to instability, tantalum bead position in tendons is also subject to change as a result of bending, folding, and creep [11, 21, 24] .
Despite these obstacles, there are reasons to believe soft tissue applications of RSA are possible. To date, in vivo testing involved devascularized tendons [1, 10, 17] . Tendon autografts take months to revascularize [3] in a process dependent on graft preparation technique [22] . Until such revascularization occurs, tantalum beads cannot be incorporated in the surrounding soft tissue and expected to remain in a stable position. Furthermore, in addition to its integration in bone [2, 4] , the reaction of other musculoskeletal tissues to tantalum has not been investigated to date.
Proposed Program
For RSA to be used as a clinical tool to measure soft tissue migration, tantalum beads must maintain a stable position after insertion in the structures under investigation and groups of beads must maintain their relative positions in sequential RSA radiographs where they are assumed to be rigid bodies by the investigator in the RSA software. To investigate the feasibility of using RSA to measure soft tissue migration we propose a series of animal experiments that will aim to: (1) establish a tantalum bead insertion technique that ensures immediate bead stability and reduce erratic bead movement in tendons and muscles;
(2) investigate the soft tissue reaction to tantalum beads with time; (3) optimize the configuration of tantalum beads to allow them to act as a rigid body; (4) optimize positioning of the limb for radiographic examinations to reduce the effect of creep, bending, or folding of the soft tissue.
To perform these investigations we propose inserting tantalum beads of different sizes in different formations and different inter bead distances in several types of soft tissues: muscles, tendons, and ligaments, and in an adjacent bone structure in a sheep model of tendon repair. The beads will be inserted using different techniques, ie, with and without incision, with and without suturing, with and without biological glues. We also propose to insert several groups of beads into each structure investigated in the same side and on both sides of a repaired tendon laceration and a tendon/muscle reinsertion. We then will perform RSA examinations in several positions of tension of the structures investigated and at several times postoperatively. After the animals are euthanized at different times, we will determine the reaction of the soft tissues to tantalum beads by several histologic techniques. Models of the muscles investigated will be used to determine the limb position in which xrays should be taken for RSA, such that tendon and muscle are appropriately tensioned while folding and stretching are avoided.
Preliminary results from a study investigating the repair of the gluteus accessorius in sheep suggests that intramuscular tantalum beads, inserted through small unrepaired incisions and without biological glues, are surrounded by an envelope of fibrous tissue as early as 2 weeks after insertion and this process continues to 6 weeks when the envelope was more organized (Fig. 1) . Migration of the gluteus accessorius was identified on the RSA radiographs taken at 2 and 18 weeks when compared with radiographs taken immediately after surgery (Fig. 2) . Fig. 1 A cross section through a 0.8-mm tantalum bead in the gluteus accessorius muscle is shown. There is a fibrous envelope surrounding the bead (black arrows) at the end of its insertion track (white arrows) (Stain, methylene blue; original magnification, 940). Software analysis using point motion of tendon/muscle beads relative to the bone beads correctly identified the failure of the repair (as shown at tissue retrieval), the tendon retraction/gap formation, and also that this failure occurred within the first 2 weeks after repair (Fig. 3) .
Therefore, these preliminary results confirm RSA can be used to measure muscular point motion. Some erratic bead movement was observed within the first 2 weeks and these beads were excluded from analysis. It is anticipated that improved insertion techniques will provide the tantalum bead with initial stability until soft tissue integration and prevent erratic bead movement.
Limitations
A potential limitation is identification of an insertion technique that ensures tantalum bead stability before soft tissue encapsulation. The position of unstable beads in soft tissue is unknown, and measurements made using such beads may not reflect movement of the soft tissue of interest. Preliminary RSA studies showed that some beads were unstable within 2 weeks after insertion. Therefore, we will study improved insertion techniques, ie, use of fibrin glue that could stabilize the beads in soft tissue until encapsulation in 2 weeks. Other potential problems include positioning the beads in the tissue of interest and positioning the limb while radiographs are taken to avoid creep, bending, or folding of the soft tissue. Positioning the limb should be investigated before clinical studies to determine if the tendon is adequately tensioned in a position that can be used repeatedly in numerous examinations with time. Placement of tantalum beads in tendons within 5 mm from each other is suggested to result in negligible viscoelastic creep between beads [24] . Placement of the tantalum beads circumferentially and close to a transverse plane through the tendon or muscle could avoid most or all of the unfavorable effects of soft tissue bending and folding.
Even if successful, clinical applications of soft tissue RSA might be limited by alternative imaging techniques like MRI and ultrasonography. These alternative techniques currently have problems with metal artifacts and the position of the structure investigated (ie, the direction of the fibers of a tendon relative to the MRI unit). Such techniques also have a variable sensitivity and accuracy [9, 20] that is at least one order of magnitude bigger than that of RSA.
Next Steps
Future experiments will involve precision and accuracy tests to determine the number and position of the beads required to optimize the migration results. Such tests might need to be structured specifically to account for different tendon shape, tubular or lamellar. Another important aspect is the development of a standardized and reliable intraoperative tantalum bead insertion technique using a specialized insertion device that will ensure efficient insertion of beads in the desired position in a timely fashion and with minimal inadvertent bead delivery. The current tantalum beads for human insertion are either 0.5, 0.8 or 1 mm in diameter. Smaller bead sizes might be more optimal for soft tissue applications of RSA.
Because of the unknown excursions for some muscle and tendon groups, we suggest preclinical experiments that study the excursions of these muscles during different limb movements using string models before performing RSA analysis of these structures; such a study has been performed for the piriformis and obturator internus and externus [25] . This will not only help identify the best limb position in which radiographs for RSA should be taken, but also help identify the movements and arc of movements that particularly strain repaired soft tissue lacerations.
Other experiments will be directed to identify the effect of tissue degeneration and/or with a compromised blood supply on the stability and integration of tantalum beads and how these affect the ability to perform soft tissue RSA.
Vision of the Future
In the future we anticipate soft tissue RSA will be used in clinical trials, allowing exciting new research directions that potentially will bring solutions or improvements to the current management in numerous clinical scenarios. For example, RSA will allow in vivo measurement of tendon gap formation after different repair techniques and measurements of mechanical properties of healing tendons, thus enabling the establishment of improved postinjury and postsurgery rehabilitation protocols. Fig. 3 The three-dimensional migration is shown for three beads in the gluteus accessorius muscle of one sheep relative to the greater trochanter with time. The gluteus accessorius was tensioned for each radiostereometric analysis examination by placing the hind limb in external rotation. Radiostereometric analysis showed the failure of the repair occurred within the first 2 weeks postoperatively.
